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Piezo1 Transduces Extracellular Matrix Mechanical Cues to Direct
Human Neural Stem Cell Fate
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Janahan Arulmoli3, Dai Trang T. Le1, Elena Bernardis4, Lisa A. Flanagan2,
Francesco Tombola1.
1Department of Physiology & Biophysics, UC Irvine, Irvine, CA, USA,
2Department of Neurology, UC Irvine, Irvine, CA, USA, 3Department of
Biomedical Engineering, UC Irvine, Irvine, CA, USA, 4Department of
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Mechanical cues are powerful determinants of cell behavior. For instance,
mechanical properties of the extracellular matrix direct neural stem cell fate,
determining whether they differentiate along a neuronal or glial lineage. Themo-
lecularmechanisms linkingmatrixmechanics to intracellular signaling pathways
that influence lineage choice remain unclear. Here we use a multi-disciplinary
approach to uncover a new player in mechanosensitive lineage commitment.
We find that the stretch-activated ion channel, Piezo1, generates a
mechanically-induced ionic current in human neural stem/progenitor cells. In
the absence of externally applied mechanical force, Piezo1 activity is elicited
by cellular traction forces and manifests as spontaneous calcium transients
that vary with substrate stiffness. Piezo1 knockdown evoked nuclear exclusion
of the mechanoreactive transcriptional co-activator Yap, suggesting a down-
stream effector of channel activity. Suppression of Piezo1 activity by the phar-
macological inhibitor GsMTx-4 or by siRNA-mediated knockdown reduced
neurogenesis and enhanced astrogenesis, demonstrating a role for Piezo1 in
neural stem cell fate.
We propose that the mechanically-gated ion channel Piezo1 is an important
determinant of mechanosensitive lineage choice in neural stem cells and that
it may play similar roles in other multipotent stem cells.
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Mechanosignalling of Focal Adhesion Kinase
Jing Zhou1, Camilo Aponte-Santamaria1, Agnieszka Bronowska1,
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Mechanosensing plays a prominent role at focal adhesions (FAs), sites at which
external forces are integrated into cellular signaling pathways, thereby deciding
upon vital processes such as cell proliferation and differentiation. While an
increasing number of FAs molecules has been recognized as force sensors, a
force-sensitive enzyme that can ultimately translate force into gene expression
levels, analogously to titin/twitchin kinases in muscle [1], has yet to be uncov-
ered for FAs.
Wepresent results frommolecular dynamics (MD) andbiochemical network sim-
ulations that suggest focal adhesion kinase (FAK) as a mechano-sensing enzyme
in FAs. An increased FAK activation in tensile-stress subjected cells has been
observed previously, however, evidence of direct force-sensing by FAK, instead
of upstreammolecules, is lacking. We here show that tensile forces, propagating
from the membrane through the PIP2 binding site of the FERM domain [2] and
from the cytoskeleton-anchored FAT domain, activate FAK by relieving the
occlusion of the central phosphorylation site of FAK (Tyr576/577) by the autoin-
hibitory FERM domain [3]. Extensive control simulations with varying loading
rates, pulling directions and membrane PIP2 concentrations further corroborated
the specific opening of the domain interface, due to its lower mechanical stability
than both themostly helical domains themselves and the membrane-PIP2-FERM
link. We established a mechano-biochemical network model to connect force-
dependent FAK kinetics based on extrapolated MD results to the expected
downstream RasGTP concentrations. Our computational study provides direct
evidence for a mechanosignalling role of FAK, by broadcasting force signals
throughRas to the nucleus, with predictions directly testable by cell stretching ex-
periments and single molecule force spectroscopy.
[1] Puchner, EM. et al, (2008) PNAS. 105(36):13385-90.
[2] G}oni, MG. et al. (2014). PNAS. 111, 3177-3186.
[3] Lietha, D. et al, (2007) Cell. 129(6):1177-87.
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Resting Open Probability Implicates a Role for the Lipid Bilayer
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The auditory system is the most sensitive mechanosensory system known, able
to detect movement down to atomic dimensions (Bialek. 1987. Annu. Rev. Bio-phys. Biophys. Chem. 16: 455-478). This sensitivity is at least partly attributed
to the mechanisms associated with gating of hair cell mechanotransduction
(MET) channels, where at rest approximately 50% of the channels are open,
positioning the channels at the steepest part of their activation curve (Johnson
et al. 2011. Neuron 70, 1143-1154). Previously, a calcium-regulated adaptation
process was thought to control the resting open probability of MET channels
(Farris, Wells, and Ricci. 2006. J. Neurosci. 26: 12526-12536). However,
mammalian cochlear hair cell adaptation is not driven by calcium and low
external calcium effects on resting open probability occur via an uncharacter-
ized extracellular mechanism (Peng, Effertz, and Ricci. 2013. Neuron 80: 960-
972). Upon further characterization of the extracellular mechanism, we find
that large radii divalent ions act similarly to calcium intimating a nonspecific
divalent ion mechanism. We show that hair cell depolarization also increases
the resting open probability, and acts through a similar mechanism as the
external calcium. Finally, we find that GsMTx4, a purported lipid-mediated
stretch-activated channel modifier, blocks both the voltage and the low external
calcium effects on resting open probability with only a minor decrease in adap-
tation. These results suggest a new, probably lipid-mediated, mechanism of cal-
cium modulation of the hair cell MET channel independent of adaptation.
Additionally, these results suggest that auditory mechanotransduction channel
may have similar mechanisms to other mechanically-sensitive ion channels.
This work was supported by RO1 DC0003896 to AJR, F32 DC010975 and K99
DC013299 to AWP, and NIDCD Core Grant P30-44992.
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Transmembrane channel-like genes 1 and 2 (Tmc1 and Tmc2) have recently
been implicated as components of the sensory transduction channel in mamma-
lian hair cells. Mice deficient in both Tmc1 and Tmc2 have complete loss of
hearing and balance function and lack sensory transduction, despite intact
hair bundles and tip-links (Kawashima et al., 2011). Mice that express only
TMC1 or TMC2 have distinct single-channel conductances and calcium selec-
tivity. A methionine-to-lysine substitution at position 412 in TMC1 reduces the
single-channel current amplitude and calcium permeability of transduction
(Pan et al., 2013). These results suggest that TMCs participate as essential com-
ponents of the sensory transduction channel in auditory and vestibular hair
cells, but their exact role is not yet clear. They may form a vestibule at the
mouth of the pore, the pore of the ion channel itself or both (Holt et al.,
2014). Alternatively, TMCs may function as non-essential accessory subunits
(Beurg et al., 2014). Progress toward understanding the structure and function
of TMC proteins has been limited by the lack of homology to known genes or
domains (Kurima et al., 2003); the low quantity of native protein (50-100 func-
tional channels/cell); and poor membrane localization in heterologous cells. To
circumvent these limitations, we combined electrophysiological recording with
mutagenesis and cysteine modification in native hair cells. To probe TMC1
structure and function, mutant Tmc1 sequences were introduced, via viral trans-
fection, into organotypic cultures harvested from Tmc1/Tmc2 doubly-deficient
mice. We find that the mutant constructs restore sensitivity to hair bundle de-
flections in virally-transfected hair cells and that acute application of cysteine
modification reagents alters the biophysical properties of sensory transduction
within seconds. The data further support a direct role for TMC1 in sensory
transduction in mammalian hair cells.
Platform: DNA Replication and Transcription
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Initiation of Asymmetric Rolling-Circle Plasmid Replication by RepD
Studied using Magnetic Tweezers
Algirdas Toleikis, Simone Kunzelmann, Gregory I. Mashanov,
Martin R. Webb, Justin E. Molloy.
MRC NIMR, London, United Kingdom.
Bacterial plasmids, like the ones of T181 family, are replicated by an asym-
metric rolling-circle mechanism. The replication is initiated by the protein,
RepD, which binds to the origin of replication (oriD) on the plasmid and
makes a single strand nick forming a covalent complex with the DNA
‘‘plus-strand’’. This enables the helicase, PcrA and the DNA polymerase,
Pol-III to bind the short length of exposed single-stranded DNA allowing
replication of the ‘‘minus-strand’’ to commence. In the final stage of DNA
replication, RepD terminates the process by religating the two ends of the
plus-strand leaving behind the, newly formed, double-stranded daughter
Wednesday, February 11, 2015 507aplasmid and the circular plus-strand, which is later replicated by a different
mechanism. We used a custom-built magnetic tweezers device to observe
initiation (nicking) by RepD. The initiation site, oriD, consists of three in-
verted complementary repeats that are predicted to form secondary DNA
structures (hairpins). When the circular plasmid is damage-free DNA gyrase
converts the relaxed circular DNA into a compact, negatively supercoiled,
form which favours extrusion of secondary structure motifs. Using magnetic
tweezers to artificially supercoil a length of DNA containing the oriD
sequence, we found RepD nicking activity is highly sensitive to the degree
and sign of supercoiling. Positive supercoiling (over-winding) strongly in-
hibits nicking whereas negative supercoiling stimulates nicking. We propose
that DNA supercoiling acts as a gate-keeper to ensure plasmids are
damage-free before DNA replication is initiated and the time required for
daughter plasmid supercoiling may regulate plasmid copy number. To corrob-
orate this idea we used magnetic tweezers to directly observe formation of
DNA secondary structure in the absence of RepD and we have preliminary
results showing how the structures change in the presence of RepD.
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Mechanistic Studies of DNA-Protein Interactions in Bacteriophage T4
DNA Replication Complexes at Single-Base Resolution
Davis Jose, Lee Wonbae, Gillies P. John, Marcus H. Andrew,
Peter H. von Hippel.
University of Oregon, Eugene, OR, USA.
Combining biophysical measurements on the function and control of T4 bacte-
riophage replication complexes with detailed structural information can throw
light onto the mechanism of action of these ‘macromolecular machines’. In this
study we use the low energy circular dichroism and fluorescent properties of
site-specifically introduced fluorescent base analogues and single molecule
(sm) FRET experiments with cyanine dyes to monitor the binding and interac-
tions of gene 59 protein (gp59) with gene 41 protein (gp41). Gp59 is the
helicase loader protein of the T4 DNA replication system, and gp41 is the hex-
americ helicase that drives duplex DNA unwinding. Using smFRET experi-
ments we are able to monitor the stoichiometry and dynamics of gp59
binding to different DNA constructs and our results show that gp59 binds as
a single subunit to the fork junction of a model DNA replication fork. CD
and fluorescence experiments with base analogue probes show that the binding
of gp59 to a forked DNA construct perturbs the bases at the junction and sug-
gests that once the gp41 helicase hexamer has been loaded this conformational
perturbation extends deep into the double helix. In addition these experiments
suggest that the stoichiometry of gp41 to gp59 subunits in the functional
helicase-loader complex is 6:1. Possible molecular mechanisms by which these
proteins might work together in setting up various functional interactions with
the other components of the DNA replication complex will be discussed.
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DNA Translocations in Real-Time: Insights into Non-Homologous End
Joining Pathway
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DNA translocations are key factors in deregulating cell growth. Currently
known translocations are estimated to drive at least 20% of cancer cases. In
vitro single-molecule assays of DNA translocations are technically challenging
since translocations occurs often at random sites of distinct DNA elements.
Here we present a dual-DNAmanipulation and fluorescence visualization assay
using Correlative optical Tweezers-Fluorescence Microscopy (CTFM) where
we reconstitute an in vitro model of a translocation between two gene-sized
DNA molecules by first inducing DNA break at controlled locations and sub-
sequently observing, in real time, the repair of DNA catalyzed by two core
elements of the human Non-Homologous End Joining (NHEJ) pathway: XLF
and XRCC4. We find that XLF and XRCC4 efficiently catalyze the formation
of a bridge between broken DNA molecule having extraordinary strength and
stability.
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Study Transcription-Coupled DNA Repair
Evan T. Graves, Camille Duboc, Jun Fan, Terence Strick.
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In transcription-coupled repair (TCR), E. coli RNA polymerase (RNAP) stalled
on a DNA lesion is removed by the Mfd tanslocase, which then recruits
downstream repair components UvrA/UvrB. Mfd-RNAP interactions can be
observed in real-time using the magnetic trapping of single DNA molecules
to monitor states of the transcription bubble created by RNA polymerase.Remodelling of the stalled RNAP transcription bubble occurs in a sequence
of two mechanical steps with formation of a long-lived intermediate. In the in-
termediate state, mechanical signatures of protein-DNA interactions are insuf-
ficient to clearly identify which protein partners are interacting with the DNA,
as they could involve RNAP, Mfd, or a combination of the two. We combine
single-molecule nanomanipulation and single-molecule fluorescence in a
TIRF field to monitor, in real-time, the arrival and departure of the different
components of the reaction, via fluorescence, while we simultaneously record
the chemo-mechanical state of the protein-DNA complex, via nanomanipula-
tion. This allows us to correlate the catalytic state to the molecular composition
of this dynamic, multicomponent DNA repair complex.
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Maria Mills, Yeonee Seol, Keir Neuman.
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RecQ Helicases are a highly conserved class of ATP-dependent DNA helicases
that perform multifunctional roles in genome maintenance. In E. coli, RecQ is
known to physically and functionally interact with Topoisomerase III, a type IA
topoisomerase. The coupling of helicase activity and topoisomerase activity
that results from this interaction is responsible for resolving complex DNA
structures such as double Holliday junctions. Similar interactions have been
demonstrated in homologous proteins in other organisms, including the human
RecQ helicase BLM and TopoIIIa, and the yeast helicase SgsI and TopoIII.
There is also evidence that single-stranded DNA binding protein (SSB) inter-
acts with RecQ and is a necessary component of this complex in vivo. We
sought to explore the mechanism by which RecQ stimulates TopoIII activity,
and by which SSB stimulates RecQ activity, as well as the individual contribu-
tions of these proteins to topological changes in DNA using single molecule
experiments. To investigate the roles of RecQ, TopoIII, and SSB, individually
and in a ternary complex, we measured their effect on DNA hairpin unwinding
and refolding using magnetic tweezers. We also conducted experiments on
over- and under-wound double-stranded DNA to probe the roles of RecQ
and SSB in activation of TopoIII relaxation of supercoiled DNA. This tech-
nique allows us to probe changes in DNA topology as a consequence of enzyme
activity in real time. Our findings demonstrate a complex set of interactions and
provide a framework for understanding the mechanism of the resolvase activity
of the RecQ-TopoIII- SSB complex.
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Fluorescence microscopy was used in combination with molecular constructs
to measure in real time and in living cells the transcriptional activity of individ-
ual genes and their displacement within the nucleus. The question whether local
mobility of individual chromatin regions is correlated to their transcriptional
output is still the subject of active research. There is a consensus that the local
chromatin environment and physical accessibility may play a role in modu-
lating transcription, possibly determining the large heterogeneity observed in
RNA Polymerase II (PolII) elongation rates measured from fluorescence as-
says. Employing high-speed fluorescence nanoimaging we measure here at
ms-temporal resolution PolII elongation and we are able to resolve the minute
displacements of identical active genes surrounding a labeled transgene array.
We observe a correlation between the transcriptional activity and sub-
micrometer movements of the active genes that is evidence of an active molec-
ular mechanism determining displacements of the active genes following
transcriptional bursts. Furthermore, we detect a significant heterogeneity in
the kinetics of identical genes measured simultaneously and at sub-second tem-
poral resolution within the same cell. Together these observations rule out cell
to cell variability as the underlying cause for the observed kinetic heterogeneity
and point to the local chromatin environment and physical accessibility as the
source of PolII elongation variability. Work supported in part by NIH P41-
GM103540 and NIH P50-GM076516
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RNA synthesis in all organisms is regulated throughout transcript initiation and
elongation. The secondary channel (SC) of multi-subunit RNA polymerases
